Mercury may enter a human body by inhalation of mercury vapor (mainly in the form of Hg 0 ), drinking water (mainly in inorganic mercury, Hg 2+ ), and/or by the consumption of fish and fish products (mainly in methylmercury, CH3Hg + ) in the diet.
. The Hg 2+ causes kidney toxicity and CH3Hg + causes neurological damage. The contents of mercury species in hair may represent the cumulative exposure from the occupational environment and/or the daily diet. 5 Although the levels of total mercury in hair for a normal person 1 are in the range of 0.4 -6.0 µg g -1 , a concentration greater than 50 µg g -1 is considered to be poisonous. 6, 7 The level of total mercury in hair is about 300-times larger than that in blood, 5 and a hair sample is easier to acquire and store than one of blood. Hence, the concentrations of mercury species in hair would be convenient as a biological marker. 5 Several methods commonly used for the measurement of total mercury (total Hg) in hair are digestion with acids and coldvapor atomic absorption spectrometry (CVAAS), 1, 3, 8 or preconcentration on a gold amalgamator prior to using CVAAS [9] [10] [11] or atomic fluorescence spectrometry (CVAFS). 12 Some samples are measured by inductively coupled plasma-mass spectrometry (ICP-MS) 13 or CVAAS-ICP-MS 14 after the sample is digested with concentrated HNO3. Some samples are measured by graphite-furnace atomic absorption spectrophotometry (GFAAS) after preparing a slurry sample. 15 Other samples are measured by neutron activation analysis (NAA). 4, 16 Several methods commonly used to measure CH3Hg + in hair are gas chromatography with electron capture detection (GC-ECD) after the sample is extracted with 2 mol dm -3 HCl 3, [17] [18] [19] and then with benzene. Some samples are measured by GFAAS after the sample is extracted with 4% HCl (w/v) and suitable chemical modifiers (Pd + ascorbic acid) are added. 15 Some samples are measured by CVAAS after the sample is extracted with acetonitrile containing sodium pyrrolidinedithiocarbamate and separated with HPLC. 20 Other samples are measured by CVAFS after alkaline digestion and ethylation to form volatile compounds. 12 2,3-Dimercaptopropane-1-sulfonate (DMPS) has large formation constants 21, 22 with mercury (10 42. 2 for Hg 2+ and 10 21.2 for CH3Hg + ) and has been used as a chelating agent in a sodium acetate buffer (pH 4 -6) to remove Hg 2+ and CH3Hg + from rats after poisoning with mercury. 23, 24 In our previous work, 25 DMPS was also used as a complexing agent for determining the total-and methyl-Hg in water and air samples by GFAAS. In the present work, CH3Hg + in a hair sample was selectively extracted with 2 mol dm -3 HCl 3, [17] [18] [19] by ultrasonication, while the total Hg (both CH3Hg + and Hg 2+ ) was completely dissolved in concentrated HNO3 by microwave digestion. After the pH of the acidic solution was adjusted to 5.0 -6.0, DMPS and sodium acetate buffer (pH = 6.0) were added to form stable complexes For the determination of total mercury in hair, an amount (25.0 mg) of hair sample was digested with conc. HNO3 (400 µl) at 90˚C for 10 min in a 7-ml teflon microreaction vessel. After digestion, the pH of the acidic hair mixture was adjusted to 5.0 -6.0 by NaOH and was then passed through a clean-up Sep-Pak C18 cartridge. To the eluate, 2,3-dimercaptopropane-1-sulfonate (DMPS) and sodium acetate buffer (pH = 6.0) were added to form a mercury-DMPS complex. This complex was preconcentrated on two Sep-Pak C18 cartridges in series, and each cartridge was eluted with methanol and adjusted to 2.00 ml. A portion (50 µl) was introduced into a graphite cuvette and then atomized according to a temperature program. The method detection limit (MDL, 3σ) was 0.064 (µg g -1 ); the calibration graph was linear up to 7.52 µg g -1 . Good accuracies were obtained when testing two human hair certified reference materials (GBW 09101 and BCR-397). Six real samples were analyzed, and the recoveries were 95.8 -98.2% with a relative standard deviation (RSD, n = 3) < 2.1%. For the determination of methylmercury (CH3Hg + ), 25.0 mg of hair sample was extracted with 2.0 mol dm -3 HCl (1.0 ml) by ultrasonicating for 1 h. The supernatant solution was used for CH3Hg + analysis and the hair residue was used for the analysis of inorganic mercury (Hg 2+ ). The MDL of CH3Hg + was 0.068 µg g -1 ; the calibration graph was linear up to 6.00 µg g -1 . Six real samples were analyzed, and the recoveries were 96.0 -99.2% with RSD (n = 3) < 2.3%. The sum of the concentrations of CH3Hg + and Hg 2+ was very close to that of the total mercury measured with a relative error within 3.6%. The proposed method can be accurately applied to the measurement of CH3Hg + , Hg 2+ , and total mercury in hair samples. of CH3Hg + -DMPS and/or Hg 2+ -DMPS. The complexes were preconcentrated on Sep-Pak C18 cartridges and then eluted with methanol (2.00 ml). Hence, the amounts of total mercury (1.6 -188 ng) and CH3Hg + (1.7 -150 ng) in a hair sample (25.0 mg) can be accurately measured by GFAAS. The accuracy of the total mercury measurement was tested with two human hair certified reference materials (GBW 09101 and BCR-397).
Experimental

Apparatus
A Hitachi Z-8000 graphite-furnace atomic absorption spectrophotometer, equipped with a Zeeman background corrector, was used for the atomic absorption measurement of mercury at 253.7 nm with a slit width of 1.3 nm. A hollow cathode Hg lamp (S & J Juniper & Co., England) was operated at 6 mA. Uncoated graphite tube cuvettes (No. 180-7400, Hitachi Co., Japan) were purchased. A MARS-5 microwave accelerated reaction system (CEM Co., USA), equipped with a temperature-controlled sensor, was used for the microwave digestion for total mercury and Hg 2+ in hair samples. An ultrasonicator (Branson Co., Model 5210-DTH, power 185 W, frequency 47 kHz, USA) was used to extract CH3Hg + in hair samples with 2 mol dm -3 HCl.
Reagents and solutions
All chemicals used were of analytical reagent grade or better. Nitric acid (double distilled) and hydrochloric acid (trace metal grade) were purchased from Seastar Co., Canada. Methanol and an Hg 2+ stock standard solution of 1000 mg dm -3 in 0.5 mol dm -3 HNO3 were purchased from Merck, Germany. Another CH3Hg + stock solution of 10000 mg dm -3 in methanol was prepared from CH3HgCl (98%, GR, TCI Co., Japan). Working standard solutions of mercury were prepared by diluting the stock solutions with methanol. A DMPS stock solution (300 mg dm -3 ) was prepared from 2,3-dimercaptopropane-1-sulfonate (95%, Aldrich Co., USA) with pure water (Barnstead NANOpure system) weekly.
Sodium acetate (superpure, Merck) and acetic acid (99.99%, Aldrich) were used to prepare an acetate buffer.
Hair samples and certified reference materials (CRM)
Hair 
Pretreatment of hair samples
Hair samples [about 10 g, cutting from the end (1 -2 cm) of the hair] were immersed in Triton X-100 (1%, v/v) for about 1 h, washed with pure water (about 3 l), and then dried in an oven at 105˚C for 2 h. After cooling to room temperature, the hair samples were cut into small pieces (1 -2 mm) by a pair of stainless-steel scissors and kept in a capped glass bottle ready for use.
Analytical procedure for total mercury in hair
An amount (25 mg) of hair sample was accurately weighed to ±0.1 mg and placed in a 7-ml teflon microvessel. For spiked recovery tests, an appropriate amount (0 -150 ng) of mercury (1.00 mg dm -3 of CH3Hg + , or Hg 2+ , prepared in methanol) was added to the hair sample by a microsyringe (50 or 100 µl, Hamilton Co., USA). The screw cap of the teflon microvessel was tightened by hand and the spiked sample was allowed to stand at room temperature overnight to let the methanol vaporize and the mercury remain on the hair. After adding concentrated nitric acid (400 µl) to each unspiked and spiked hair sample, the teflon microvessels were sealed by a torque wrench (20 in-lb) and placed in 120-ml teflon PFA vessels which contained 9.5 ml of pure water for samples (or 10.0 ml of pure water for the temperature-controlled vessel). Hair samples were microwave digested at 90˚C for 10 min (which corresponded to about 60 W for each microvessel). After cooling to room temperature, the 7-ml teflon microvessels were removed and further cooled in a refrigerator (4˚C) for about 20 min before being opened.
Each digested sample was transferred to a vial (20 ml) and its pH was adjusted to 5.0 -6.0 by NaOH. The mixture was passed through a clean-up Sep-Pak C18 cartridge (#51910, Waters Associates Co., MA, USA). To the eluate, DMPS (120 µg) and sodium acetate buffer (1.0 mmol, pH = 6.0) were added. The mixture was allowed to stand at room temperature for about 30 min to form the mercury-DMPS complex. This complex was preconcentrated on two Sep-Pak C18 cartridges in series by gravitational force at a flow rate of 0.6 ml min -1 , and each cartridge was eluted with methanol and adjusted to 2.00 ml. A portion (50 µl) of the methanol solution was introduced into a graphite cuvette by a microsyringe (100 µl, Hamilton Co.) and atomized according to a temperature program ( Table 1) . The peak heights in absorbance were used for a quantitative analysis. The mercury retained on the clean-up C18 cartridge was eluted with methanol (about 1.8 ml) in a test tube (5.0 ml), which contained appropriate amounts 26 of DMPS (30 µg) and sodium acetate buffer (80 µmol, pH 6.0), and then adjusted to 2.00 ml with methanol. The amount of mercury was measured by the same procedure as described above. The total amount of mercury in hair measured is the sum of the amounts in the two Sep-Pak C18 cartridges plus the clean-up C18 cartridge.
Analytical procedure for CH3Hg
+ and Hg 2+ in hair For CH3Hg + . An amount (25 mg) of hair sample was accurately weighed to ±0.1 mg and placed in a conical glass vial (2.0 ml, Supelco Co., USA) equipped with a screw cap and a teflon liner. For spiked recovery tests, an appropriate amount (0 -120 ng) of methylmercury prepared in methanol was added to the hair sample. The screw-cap of the vial was tightened by hand and allowed to stand at room temperature overnight to let the methanol vaporize and the CH3Hg + remain on the hair. After adding 1.00 ml of HCl solution (2.0 mol dm -3 ) to each unspiked and spiked hair sample, each mixture was ultrasonicated at room temperature for about 1 h, and then centrifuged at 4000 rpm for 10 min. The supernatant solution was used for CH3Hg + analysis and the hair residue for Hg 2+ analysis. After the supernatant solution was transferred to a vial (20 ml), the pH of the acidic solution was adjusted to 5.0 -6.0 by NaOH. Suitable amounts of DMPS (120 µg) and sodium acetate buffer (1.0 mmol, pH = 6.0) were added. The mixture was allowed to stand at room temperature for about 30 min to form a complex of CH3Hg + -DMPS.
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(50 µl) of the methanol solution was introduced into a graphite tube and atomized according to the temperature program ( Table  1 ). The amount of CH3Hg + was obtained from the sum of the amounts in these two Sep-Pak C18 cartridges. For Hg 2+ . The hair residue mentioned above was quantitatively transferred to a 7-ml teflon microvessel with 400 µl of concentrated nitric acid. The amount of Hg 2+ in the hair sample was measured by following the same analytical procedure for total mercury as described above.
Results and Discussion
For total mercury in hair The effect of the ashing temperatures (150 -230˚C for 40 s) and the atomization temperatures (1200 -2000˚C for 3 s) on the absorbance with and without the complexing agents (DMPS plus acetate buffer of pH 6.0) was tested with 0.75 ng of Hg in 50 µl of a methanol solution prepared from hair sample No. 1. Figure 1 indicates that without the complexing agents, Hg was completely lost during pyrolysis. In the presence of complexing agents during ashing, the absorbance increased from 150 to 180˚C for 40 s and decreased above 190˚C. During atomization, the absorbance increased as the temperature increased from 1200 to 1700˚C for 3 s and became a plateau after 1700˚C. Hence, suitable ashing (180˚C) and atomization (1700˚C) temperatures were obtained, as tabulated in Table 1 . Although various chemical modifiers (for example, Pd and ascorbic acid) 15 are favorable to the GFAAS determination of Hg with higher ashing temperature, they are usually prepared in an acidic solution. Since a solution pH around 6.0 is more effective 25 for forming complexes of CH3Hg + -DMPS and Hg 2+ -DMPS in this work, we did not use chemical modifiers in this experiment.
The effect of the amounts (250 -1000 µl) of concentrated HNO3 for the digestion of hair sample No. 1 (25 mg) on the absorbance was tested with 0.75 ng Hg in 50 µl of the methanol solution. The results indicate that the absorbances are relatively large when appropriate amounts (400 -600 µl) of HNO3 are used. When 250 µl of HNO3 was used, the hair sample in the teflon microvessel was scorched because the amount of HNO3 was insufficient during the digestion process. The absorbance decreased as the amount of HNO3 increased from 750 to 1000 µl. This might be because some of the mercury vapor was lost through leaking when the pressure inside the teflon microvessel increased. Hence, 400 µl of concentrated HNO3 was used in this study. After digestion, the 7-ml microvessels were refrigerated at 4˚C for a while (about 20 min) to condense any possible mercury vapor before being opened, in order to obtain better recoveries of mercury.
The effect of the digestion temperatures (70 -100˚C for 10 min) and the digestion times (10 -25 min at 90˚C) on the absorbance was tested with 0.75 ng Hg in 50 µl of a methanol solution prepared from hair sample No. 1. The results indicate that the absorbance increased as the digestion temperature increases from 70 to 90˚C, and became flat after 90˚C, while the absorbances were about the same when the digestion time varied from 10 to 25 min at 90˚C. Hence, digestion at 90˚C for 10 min was used.
The effect of the amounts (60 -180 µg) of DMPS on the absorbance of total mercury was tested with 1.5 ng of Hg in 50 µl of methanol solution [which was prepared by spiking 30.0 ng of CH3Hg + , or Hg 2+ , on hair sample No. 1 (25 mg), and finally concentrated in 2.00 ml of methanol]. Figure 2 indicates that when Hg 2+ is spiked the absorbance of the total Hg increased as the amount of DMPS increased from 60 to 120 µg, and then became a plateau as the amount of DMPS increased from 120 to 180 µg. When CH3Hg + was spiked, the absorbances of total Hg were about the same as the amount of DMPS was in the range of 90 -180 µg. Hence, 120 µg of DMPS was used for measuring the total mercury in this work.
In our previous studies on the measurement of total mercury (5 -100 ng of CH3Hg + or Hg 2+ ) in drinking water (25 ml) using DMPS as a complexing agent, 25 the suitable pH was in the range of 6.0 -6.5 and the amount of sodium acetate buffer (at pH 6.0) was in the range of 1.0 -5.0 mmol. In addition, two Sep-Pak C18 cartridges in series were required in the preconcentration step in order to obtain satisfactory recoveries (about 99% mercury in hair was about 188 ng in this study, the acetate buffer of pH 6.0, 1.0 mmol of the acetate buffer, and two SepPak C18 cartridges in series were employed in this study. A clean-up step using a Sep-Pak C18 cartridge is necessary in the analytical procedure for total mercury (and Hg 2+ ) prior to the addition of DMPS and acetate buffer, in order to obtain more reproducible absorbance readings for mercury.
In order to know whether the hair matrix would interfere with the measurement of total mercury after microwave digestion, the following two sets of calibration graphs were compared. In the first set, a typical calibration graph for total mercury from the standard addition method was y = 7.43 × 10 -4 x + 2.29 × 10 -2 when 0 -150 ng of CH3Hg + was added to hair sample No. 1 (or, y = 7.55 × 10 -4
x + 2.25 × 10 -2 when 0 -150 ng of Hg 2+ is added). The correlation coefficients were 0.9995 and 0.9997, respectively.
The second set was prepared by adding corresponding amounts (0 -150 ng) of mercury (CH3Hg + or Hg 2+ in methanol) to graduated test tubes (5.0 ml) which contained appropriate amounts 25 of DMPS (15 µg) and sodium acetate buffer (80 µmol), and then diluting to 2.00 ml with methanol. A typical calibration graph from the second set was y = 7.41 × 10 -4 x + 3.4 × 10 -4 when CH3Hg + was added (or y = 7.50 × 10 -4 x -2.9 × 10 -4 when Hg 2+ was added). The correlation coefficients were 0.9996 and 0.9997, respectively. By comparing the slopes of twelve calibration graphs obtained from these two sets for total Hg, the relative error was within 3.5%. This indicates that the calibration graphs prepared from the second set can be used for quantitation of total Hg in hair samples.
Following the proposed method, the method detection limit (MDL) for total mercury was determined as the amount corresponding to three-times the standard deviation of twelve replicates using 50 µl of a methanol solution containing 0.75 ng of Hg prepared from hair sample No. 1. The MDL (3σ) of total mercury in human hair from the mean of six determinations was found to be (1.6 ± 0.1) ng for a 25.0 mg hair sample, or (64 ± 4) ng g -1 . The MDL value of total mercury obtained in this work was higher than 1 and 5 ng g -1 ; 8,11 but comparable to others (50, 33, and 100 ng g -1 ) 3,9,15 reported elsewhere. This value may still be useful in practice in the range of 0.4 -6.0 (µg g -1 ) of Hg for normal persons and for the maximum allowable contamination of 50 (µg g , respectively, as listed in Table 2 . The obtained results are all within the certified values, with the RSD (within a run, n = 3) within 1.0%. The relative error between runs was 2.9% for GBW 09101 and was 0.8% for BCR-397. The amounts of total mercury obtained in six real hair samples (No. 1 -No. 6) were 31.0 ± 0.5, 53.0 ± 1.5, 74.5 ± 0.5, 137.5 ± 1.5, 119.0 ± 0.2, and 39.2 ± 0.1 ng, respectively, in 25.0 mg with RSD (n = 3) within 2.9%. These correspond to a concentration range of 1.24 -5.50 µg g -1 . Table 3 (a) shows that the recoveries of total Hg for six hair samples (No. 1 -No. 6) were in the range of 95.8 -98.2% with RSD (n = 3) within 2.1%. It is concluded that the contents (0.064 -7.52 µg g -1 ) of total mercury in human hair (25.0 mg) can be accurately determined by the proposed method.
For CH3Hg + in hair
Various sonication times (0.5 -4.0 h) at room temperature for extracting the CH3Hg + from hair sample No. 1 were performed by testing with 0.67 ng of CH3Hg + in 50 µl of the methanol solution. Figure 3 indicates that the absorbance of CH3Hg + slightly increased as the sonication time increased from 0.5 to 1 h, and became a plateau afterwards. Hence, 1 h was used in this work.
The effect of the amounts (0 -180 µg) of DMPS on the absorbance for methylmercury was tested with 0.67 ng of CH3Hg + in 50 µl of methanol solution prepared from hair sample No. 1. The results indicate that the absorbance increased as the amount of DMPS increased from 0 to 90 µg, and became a plateau as the amount of DMPS increased from 258 ANALYTICAL SCIENCES MARCH 2002, VOL. 18 Table 2 Accuracy tests for total mercury in hair a. 25.0 mg of hair sample was used. b. Mean of three determinations with standard deviation. c. After 25.0 mg of hair sample was digested, the pH of the acidic solution was adjusted to 5.0 -6.0 and then diluted to 25.0 ml with pure water. An aliquot of 5.00 ml was introduced into a clean-up Sep-Pak C18 cartridge and the analytical procedure for the measurement of total mercury was followed. d. The concentration obtained after considering five-fold dilution factor. 90 to 180 µg. In order to make sure that all of the methylmercury forms the CH3Hg + -DMPS complex, 120 µg of DMPS was selected for use in this study. In order to determine whether the hair matrix extracted into HCl solution would interfere with the measurement of CH3Hg + , the following three experiments were performed. In the first experiment, the supernatant solution was either passed or not passed through a clean-up Sep-Pak C18 cartridge. The amounts of CH3Hg + obtained in hair sample No. 1 (25.0 mg) from these two procedures in triplicates were 26.6 ± 0.2 ng and 26.9 ± 0.2 ng, respectively. This indicates that the clean-up step using a Sep-Pak C18 cartridge in the analytical procedure can be omitted. Similar to the preconcentration of total mercury, 25 two Sep-Pak C18 cartridges in series were used for methylmercury. In the second experiment, two sets of calibration graphs for CH3Hg + were compared. The first set was prepared by adding methylmercury (0 -180 ng) directly to a methanol solution (2.00 ml) containing an appropriate amount 25 of DMPS (15 µg) and sodium acetate buffer (80 µmol, pH 6.0). A typical calibration graph of y = 7.49 × 10 -4
x -1.10 × 10 -4 was obtained with a correlation coefficient of 0.9996. The second set was prepared by spiking CH3Hg + (0 -150 ng) on hair sample No. 1 (containing about 26.9 ng of CH3Hg + ) with the standard addition method. A typical calibration graph for CH3Hg + was obtained as y = 7.38 × 10 -4 x + 1.94 × 10 -2 with a correlation coefficient of 0.9996. By comparing the slopes of six calibration graphs obtained from these two sets, the relative error was within 2.0%. This indicates that the calibration graphs prepared from the first set can be used for the quantitation of CH3Hg + in hair. In the third experiment, an amount (30.0 ng) of Hg 2+ (prepared in methanol) was spiked on hair sample No. 1 (25 mg). After the sample had stood overnight, the analytical procedure for CH3Hg + in hair was followed. The amounts of Hg obtained from a triplicate (1.06 ± 0.01 µg g -1 ) analysis indicate that only the CH3Hg + portion (1.07 ± 0.01 µg g -1 ) in hair sample No. 1 was extracted into 2 mol dm -3 HCl. This shows that CH3Hg + in a hair sample is selectively extracted with 2 mol dm -3 HCl, as reported in the literature. 3, [17] [18] [19] Following the proposed method, the MDL for CH3Hg + was determined as an amount corresponding to three-times the standard deviation of twelve replicates using 50 µl of a methanol solution containing 0.67 ng of CH3Hg + extracted from hair sample No. 1. The MDL (3σ) of CH3Hg + in human hair from the mean of six determinations was found to be (1.7 ± 0.1) ng for a 25.0 mg hair sample, or (68 ± 4) ng g -1 . The MDL value of CH3Hg + obtained in this work is higher than 0.3 and 4 ng g -1 , 12,20 but comparable to 40 ng g -1 reported elsewhere. and GBW 09101) are tabulated in Table 4 . The results indicate that the sum of the concentrations of CH3Hg + and Hg 2+ is close to that of the total mercury measured with relative errors within 3.6%. Thus, the proposed method can be applied accurately to the measurement of CH3Hg + , Hg 2+ and the total mercury in human hair samples using DMPS as a complexing agent. Among the six samples (No. 1 to No. 6) analyzed, the levels of CH3Hg + in samples No. 3, No. 4, and No. 5 were slightly higher than the others, but the concentrations of total Hg were still in the range [0. 4 -6. 0 (µg g -1 ) ] of normal persons.
